Designing thermal control systems for electronic products has become very challenging due to the continuous miniaturization and increasing performance demands. Two-phase cooling solutions, such as heat pipes or vapor chambers, are increasingly used as they offer higher thermal coefficients for heat transfer. Following a multidisciplinary and integrative design approach, new concepts for two-phase cooling solutions for printed circuit boards are explored. This paper shows that by integrating thermal design criteria early in the total design phase, a radical new way of thermal control can be achieved. A new design to integrate heat pipe technology with printed circuit board technology is presented. This concept improves the overall design flexibility of the electronic product significantly and thermal control is realized and manufactured in a more integrated way. Altogether this allows engineers to design a printed circuit board with full integration of thermal control functionality. 
Nomenclature

I. Introduction
HE last two decades, thermal control has become the challenge area in electronic product design. Worldwide, both consumers and industry continuously demand more functionality, better performance and increased product miniaturization. As a result, power dissipations increase on even smaller surfaces, thus intensifying local heat fluxes. To cope with these growing thermal issues, the thermal design process of electronic products plays an increasingly dominant role in the total design process.
To effectively control the heat dissipation of electronic components, a wide variety of cooling concepts and equipment has been developed. By now, many of these cooling devices are becoming quite large in size, especially compared to the size of the components they are supposed to cool. This indicates serious challenges for the design of future cooling systems and electronic products, especially since the demand for ultra thin, compact products is growing.
Most developed cooling systems focus however primarily on cost, thermal criteria and the maximization of the cooling heat flux. For instance, two-phase cooling solutions (e.g. heat pipes or vapor chambers), offering higher thermal coefficients, are increasingly used for the thermal control of electronic products. However, the improved cooling solutions are developed to be utilized on existing electronic products and packaging techniques. Hence, they commonly share one feature: they remain all add-on cooling devices. This is illustrated in Fig. 1 Especially from an assembly and cost point-of-view the cooling solutions of Fig. 1 are well embraced by the industry. However, as no integrative action is applied, electronic component and electronic product design from a thermal point-of-view does not evolve much. Consequently, as thermal properties are getting more stringent, electronic engineers, for instance, will focus on designing energy saving and less dissipating components, while simultaneously thermal engineers will try to find even better (add-on) coolers. This monodisciplinary action may result in (temporary) relief; however, a giant leap in electronic product design will not be realized.
A. Explored Design Philosophy
The philosophy of this research, also described in the first author's thesis 5 , is to have a more substantial thermal engineering effort earlier in the design phase, thus further integrating primary and support functions. The design of electronic products in a monodisciplinary manner should be avoided. Instead, a multidisciplinary and integrative approach must be utilized in order to achieve an optimal system configuration. Therefore, new cooling concepts for electronic products should be explored considering thermal aspects at the very beginning of the design phase. Consequently, as thermal aspects are more integrated, cooling systems will not necessarily remain add-on devices.
This study aims to reduce thermal gradients inside electronic products. In other words, heat should be transported efficiently from the component dissipating the heat towards the surrounding infrastructure. This can, for instance, be the rack structure containing the electronic product. As the temperature difference of a two-phase cycle is minute, the focus lays on integrating two-phase cooling strategies into the overall electronic product design. Special attention is also given to the integration with manufacturing techniques and assembly strategies. As the twophase cycle needs to be hermetically sealed, there is no fluid exchange beyond the boundaries of the electronic product. As such, heat is in fact transported c.q. spread through the product itself in a very efficient manner. Therefore, currently applied techniques as, for instance, cooling infrastructures for the mentioned rack structures may remain utilized. From a cost perspective, this is an important advantage.
Recent advances in Printed Circuit Board (PCB) integrated air jet cooling 6, 7 and single phase liquid cooling embedded in circuit boards 8 are also recognized as examples of applying integrative action. However, compared to the previous strategy, the disadvantage of these approaches is interfacing the coolant fluid with the environment outside the product. For instance, in the case of the integrated air jet, coolant air must be filtered, demoisturized and chilled. In the case of integrated single phase liquid cooling, the fluid lines must be hermetic, liquid connectors must be leak tight, etc. In the end, these criteria are very strenuous for the overall system design. Therefore, such approaches fall outside the scope of this work.
B. Background Knowledge on Heat Pipe and PCB Technologies
Traditionally a heat pipe encompasses three essential parts: an evaporator, an adiabatic transport section and a condenser. Inside the heat pipe a working fluid is present in both the liquid and vapor phases. Heat entering the evaporator vaporizes any available coolant liquid, thereby absorbing large quantities of heat. The vapor travels through the adiabatic transport section to the condenser, propelled by the difference in pressure. In the condenser the vapor condenses as the temperature is lower, releasing its latent heat. To complete the cycle, the condensed liquid must be pumped back to the evaporator. The fluid return is facilitated by a capillary or wick structure. The wick structure, saturated with the liquid phase of the working fluid, is able to transport the fluid due to the capillary pressure caused by the difference in curvature of the liquid menisci. Gravity and other body forces may also hinder or assist the fluid return [9] [10] [11] . Generally a PCB serves as a carrier, holding and electronically connecting all mounted electronic components. A typical PCB consists of multiple polymeric layers (e.g. FR-4) pressed together. On each polymeric layer a conductive pattern can be produced through which the components can be interconnected. The metallic pattern is commonly realized by a subtractive (etching) method that selectively removes copper from a laminate. For many electronic products, a PCB of just one layer does not suffice. Hence, multiple layers are laminated together, thus forming a multilayer PCB. Firstly, the individual PCB layers are patterned as described previously. Secondly, the layers are stacked with bonding layers (e.g. prepreg) in between. Finally, the stack is laminated in a depressurized press at an elevated temperature. To increase cost efficiency, multiple PCBs are often manufactured side by side in one stack of laminated layers and machined apart afterwards [12] [13] [14] .
C. Paper Outline
In the next section, the current state-of-the-art of integrated heat pipe technology for PCBs is described. Also, some measurement results are presented and a number of challenges is discussed. Section III proposes several changes for the integrated design to overcome the mentioned challenges. Hereafter, Section IV presents a detailed structure of a new integrated heat pipe design. Finally, in Section V the conclusions of this work are presented and an outlook of future work is given.
II. Current State-of-the-Art of Integrated Heat Pipe Technology for PCBs
As a result of the integrated approach discussed in the previous section, several advances have been made to integrate heat pipe technology and PCB technology. In 2002, Jones et al. 15 reported embedding micro heat pipes in laminate substrates to enhance thermal management. The microgroove wick structure of Jones' prototype was realized by stacking the polymeric layers of the PCB in a staggered lay-up, as shown schematically in In their prototype water was used as the working fluid and the cavity was made of copper. To optimize heat pipe performance, the contact angle of the working fluid was reduced with a cleaning method, based on rinsing with deionized water. A reduction in contact angle from 104 degrees to 56 degrees was achieved. The heat pipe enclosure was hermetically sealed from the inside using a copper plating technique. In their case, heat pipe failure occurred around 10W due to delamination of the PCB.
In 2006, we presented another design that also integrated the heat pipe directly into the PCB 16, 17 . This design is shown in Fig. 3a . The heat pipe was also constructed by the individual layers that make up the PCB. However, in this case, the microgroove wick structure was positioned on the top and bottom layers of the internal cavity. The grooves are manufactured using a metallic plating technique based on conventional dry film lithography, commonly used in electronics manufacturing. Also, in this case, water was used as the working fluid and the cavity was made of copper. To optimize the performance, the board layers were treated with a surface finish, which is also a standardized operation in PCB multilayer fabrication. The surface finish significantly improved the wettability of the wick structure: the contact angle dropped to almost zero. In this case, the heat pipe enclosure was hermetically sealed from the outside using a machining and copper plating technique. a) integrated heat pipe structure b) technology demonstrator Figure 3b shows the developed technology demonstrator. The electronic components were mounted on the PCB by standardized Surface Mounting Technology (SMT), while embedded in the board the heat pipe is able to transport the dissipated heat of the components. To optimize the transfer of heat into and out of the embedded heat pipe, thermal vias were placed at both the evaporator and the condenser locations. The diaphragm was used to charge the heat pipe. The condenser area was clamped into a rack structure to further dispose the heat into the ambient environment. The thermocouple areas and pressure gauge are only required for measurement purposes.
The differences between both integrated approaches mainly lie in the positioning and manufacturing of the wick structure, and the method to seal the heat pipe enclosure. The former (Jones et al.) realizes capillary microgrooves on the sides of the heat pipe, whereas the latter (Wits et al.) positions them on the top and bottom layers. The former allows higher aspect ratios; however, in the latter case heat is transported much more efficient to the actual evaporation sites, especially with the use of thermal vias. This reduces the temperature gradient from the electronic component to the heat pipe vapor significantly, particularly since the polymeric layers are poor thermal conductors.
The staggered lay-up of the former approach introduces an additional constraint on the board design. Heat pipe performance is a function of the number of PCB layers. For instance, from an electronic perspective three layers may suffice; however, to make the embedded heat pipe work (thermal perspective), additional, electronically nonfunctional layers must be introduced.
Both studies show that, by integrating thermal criteria early in the design phase, a radical new way of thermal control can be achieved. The integrated product design, albeit more complex, is better able to cope with more stringent overall product demands. It also demonstrates that add-on, protruding heat pipes are not necessarily required to improve thermal control strategies.
A. Measurement Results for the Integrated Heat Pipe Design
The developed prototype of Fig. 3b was used in an experimental set-up. The geometry of the heat pipe is listed in Table 1 of Appendix A. Figure 4 depicts the heat pipe (insulated) clamped in a hinge element. The hinge allows the heat pipe to be tested in various orientations. The external cooler is also shown together with the electronic equipment to power the heat pipe and measure its performance. All data (power, temperature, pressure, time) was logged on a data logger and could also be monitored real-time on a screen. After reaching a steady state, the amount of dissipated power would be increased. When the heat pipe temperature would rise unacceptably the measurement was switched off quickly. Figure 5 presents some of the measured results. The figure shows the temperature distribution along the length of the heat pipe. Two input power are presented for two different orientations. The vertical orientation in this case refers to the situation where the working fluid runs down to the evaporator assisted by gravity. For an input power of 2.5W, the heat pipe performs quite similar for both orientations. At the evaporator end the temperature profile is quite flat, as can be expected for a two-phase cycle. However, just over the mid-way point the temperature starts to drop. This is an indication of the presence of non-condensible gases. These gases are usually residual air trapped inside the heat pipe due to an imperfect filling method. They interfere with the two-phase cycle of the working fluid and block the condenser area. This is even more visible for the input power of 10W. The flat temperature profile stretches until approximately 140mm, after which there is a sharp decline in temperature. In this case the heat pipe in the vertical orientation performs a little better. This can be attributed to two factors: (1) condenser blockage has less influence vertically and (2) unwanted thermal convection of the heat pipe to the outside air will be more in a vertical orientation due to the chimney effect. The heat pipe was insulated with foam to minimize this effect.
Vertically, the heat pipe was able to transport heat up to 12W. At higher values the temperature would rise unacceptably indicating evaporator dry-out, however the PCB remained intact. After all tests, there were no signs of delamination. The fact that delamination did occur for the prototype of Jones et al., may be attributed to the staggered lay-up of their board structure. The prototype of Fig. 3b did not delaminate, indicating a stronger board structure. The prototype was also tested with working fluid ascending against gravity. However, in this orientation the heat pipe did not function at all. The capillary microgrooves are not able to pump the working fluid back up to the evaporator.
B. Challenges for Heat Pipe Integration
In this section the previously presented heat pipe prototypes are evaluated more thoroughly and some important challenges will be addressed. The microgroove structure of both prototypes demonstrated poor performance in against gravity orientations. To improve this, will be the first challenge. Also, due to the flat and rectangular nature of the integrated heat pipes, capillary microgrooves are not practical for cases where heating and cooling occurs on opposite sides of the PCB (i.e. top vs. bottom). The working fluid condenses on one side of the heat pipe, whereas evaporation might take place on the opposite side. As the fluid return cannot crossover to the opposite side, this causes a problem for the required fluid circulation. The performance of the heat pipe will degrade because the thermal resistance from the top to the bottom layer and vice versa is quite large. In tubular heat pipe designs this is much less of an issue, since the thermal resistance around the (copper) tube is much lower. To decrease the heat pipe's internal thermal resistance will be the second challenge.
As the heat pipe is constructed by stacking layers on top of each other, the intermediate permeable zones should be sealed somehow. In the prototype of Jones et al. this is done from the inside by a conductive copper deposition (plating) technique after lamination of the PCB. It proved quite difficult to get sufficient potential and circulation for the copper plating to be effective. Also, after plating all the required process equipment inside the heat pipe (e.g. anodes, pipes, etc.) must either remain inside forever or must come out without compromising the laminated PCB. In the prototype of Wits et al. the intermediate permeable zones were sealed from the outside. A seal groove was machined and plated around the heat pipe structure, hermetically sealing the heat pipe enclosure. The drawback of this approach is that parts of the bonding layers remain in contact with the heat pipe cavity. Over time, working fluid may migrate into these areas (dead volume), thus losing working fluid in circulation. Also, gases may diffuse from the bonding areas introducing unwanted non-condensible gases inside the heat pipe. These fluid interactions are illustrated in Fig. 6 . A sealing technique that seals the cavity from the inside would circumvent this; however, as elaborated this has constraints from a manufacturability point-of-view. To improve the hermetic sealing of the heat pipe enclosure will be the third challenge. Altogether, the following three challenges have been identified for the integrated heat pipe design:
1) The integrated heat pipe must improve its operating in against gravity orientations.
2) The thermal resistance from the top to the bottom side and vice versa must be lowered significantly.
3) Sealing of the integrated heat pipe cavity should introduce a minimum amount of dead volume. For the next generation and mass market application of integrated heat pipe designs, these challenges must be addressed. Obviously, they should not impede with the overall research goal of this study. Therefore, to overcome the aforementioned shortcomings the manufacturing process steps of the PCB should not be compromised and the integrated design approach should be cherished.
III. Improving the Integrated Heat Pipe Design
In order to propose solutions for the enumerated challenges, first an analytical model describing heat pipe performance is discussed. The presented model is based on assessing the capillary limit for a flat, miniature heat pipe 18 , as is the case for the integrated heat pipe design. This model was also used successfully to predict the performances of the heat pipe used in the measurement set-up of Fig. 4 as presented in 2006 16 . For the working fluid to cycle continuously through the heat pipe, the capillary pressure must be larger than or equal to the sum of all pressure losses. This is mathematically expressed as:
where, the subscripts l and v represent the pressure losses due to the flow of the liquid and vapor phases, respectively. Subscript g indicates the influence of gravity. In this expression, the pressure losses due to phase changes are neglected; other body forces are also not considered.
Equation (1) is also referred to as the capillary limit of a heat pipe. By substituting all pressure terms with the underlying expressions of the physical effects, a detailed formulation of the capillary limit can be obtained. As this is the common approach for many heat pipe analyses [9] [10] [11] [18] [19] [20] [21] , this is not presented here. The resulting formulation of the maximum amount of power a heat pipe can transport due to capillary limitations is expressed as:
where, σ, θ, ρ, H fg and μ represent the working fluid's surface tension, contact angle, density, specific latent heat of vaporization and viscosity, respectively. φ, K and r eff denote the porosity, permeability and effective pore radius of the wick structure, respectively. D, A and L represent diameter, cross sectional area and length, respectively, and γ denotes the heat pipe's inclination angle. Finally, g en fRe are the gravitational constant and a Reynolds based friction factor, respectively. Note, that hydraulic properties are used, as the integrated heat pipe has a rectangular cross section. Also, the wick's cross section (A w ) includes the area occupied by both the wick and the liquid. Most parameters in Eq. (2) are independent of each other; hence, their effect on the capillary limit is rather straightforward. For the wick's permeability (K) and the effective pore radius (r eff ), this is not the case. These parameters are related in a more complex way, depending on the chosen wick structure. In general, the designer is confronted with a trade-off due to the fact that a low pore radius increases the capillary pressure; however, at the same time, this introduces more friction and thus a lower permeability. For a chosen mode of operation, heat pipe geometry and working fluid, very little free design parameters remain. In fact, in this case only the internal distribution of vapor and liquid areas, and the chosen wick structure remain at the designer's discretion.
A. Inserting a Porous Medium as a Wick Structure
As the first challenge indicated, the integrated heat pipe must improve its operating in against gravity orientations. Therefore, in the numerator of Eq. (2) the first term, indicating capillary pressure, should be enlarged compared the second term, indicating the pressure losses due to gravity. The capillary microgrooves of both presented designs failed to transport the working fluid up against gravity; hence, a wick structure with a smaller pore radius should be chosen. Both microgroove designs had an effective pore radius in the order of 50-100μm. Lower pore radii can be achieved by for instance a (wire) screen mesh, sintered media or metal foam 22, 23 . Producing these wick structures is not common practice for PCB manufacturing. However, as the individual layers that make up the multilayer PCB need to the stacked, such a wick structure could be inserted prior to the lamination process. Utilizing such an insertable porous medium also has the advantage, that based on the demanded mode of operation the most ideal wick structure can be selected and inserted. Moreover, the insertable porous medium can be positioned over the capillary microgrooves. This forms a composite wick with open arteries, which even has a better performance.
Because there needs to be space for the vapor flow, the inserted wick cannot occupy the entire heat pipe cavity. Therefore, to restrain the wick inside the cavity a machined copper insert is used, as illustrated in Fig. 7 .
Figure 7. Insertable wick restrained by a copper insert.
As an incidental coincidence, the copper insert also promotes the flow of heat from the top to the bottom side; hence, killing two birds with one stone. The copper insert should be engineered such that: (1) the thermal resistance from the top to the bottom side is low, and (2) the vaporizing fluid can still escape the wick structure and flow to the condenser end. The low thermal resistance can be assured by having a good contact between the insert and the wick, and between the insert and the top layer. As all layers are pressed together during the lamination process, this should not be a problem. To allow the vapor to escape freely from the wick, slits are machined in the copper insert parallel to the direction of the heat pipe's length.
B. Intermediate Sealing of PCB Layers
To overcome the third challenge of minimizing the amount of dead volume inside the heat pipe cavity, standard plating and lamination processes of PCB production were observed more closely. During the production of blind and through-hole vias, it is quite common to overplate the PCB layer prior to laminating the entire stack 12 . This is done to seal the inserted vias consistently. A similar technique can be applied as an intermediate production step during the construction of the integrated heat pipe board. By assembling, for instance, the bottom and intermediate layers first, they can be overplated; thus sealing the intermediate permeable zones from the inside. This is illustrated in Fig.  8 
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The second process step would then encompass stacking and laminating the bottom half of the board with the selected wick structure, copper insert and top layer. Finally, a seal groove needs to be machined and plated to seal the remaining top intermediate permeable zone. As a result, the PCB with an integrated heat pipe can still be produced using normal PCB production steps and the amount of dead volume is cut in half.
IV. New Prototype for PCB Integrated Heat Pipe Design
The aforementioned analyses of wick insertion and sealing techniques have led to a new prototype for PCB integrated heat pipe designs. A schematic layout of this prototype PCB is shown in Fig. 9 . Currently, different versions are being produced using conventional production methods in order to test the performance of the integrated heat pipe for various wick structure inserts and variations in the overall geometry of the heat pipe. As such, the theoretical maximum capillary limit predicted by Eq. (2) can be verified. 
A. Prototype Board Structure Build-up
The prototype PCB of Fig. 9 is build up from three layers of double plated polymeric material (FR4+). The top layer contains two machined openings for the pressure sensor (not depicted) and filling tube. Also, many smaller holes for the thermal vias must be drilled. To get a good metallic structure on the inside circumference of the holes, the entire layer is plated with copper. Thereafter, the thermal vias are filled. Usually vias are filled with epoxy resin, which is not a very good thermal conductor. Therefore in this case, the vias are filled with a thermally enhanced epoxy (e.g. CB100 24 ). The thermal conductivity of this epoxy is approximately ten times higher than that of regular epoxy resin (3.5 vs. 0.3 W/mK). After the thermal vias are filled, the entire layer must be overplated again.
The middle layer still features the rectangular slot that forms the heat pipe cavity. The bottom layer is in this case a regular flat laminate. The middle and bottom layers will be laminated together and subsequently metalized, as described in Section III-B. The bottom part of the heat pipe cavity is now hermetically sealed from the intermediate prepreg layer that resides between the middle and bottom layers.
Before assembling the multilayer board, each layer is given a surface finish to enhance the bonding strength. As the surface finish also enhances the wettability, the wick structure is also treated with this surface finish. The wick structure is placed inside the heat pipe cavity and the copper inserts are placed in both the evaporator and condenser areas. Finally, the top layer is positioned on top of the stack and the whole package is depressurized and laminated at an elevated temperature in a press. After the lamination process, the seal groove is machined and metalized in the top layer around the cavity. Finally, after the pressure sensor, filling tube and other components are soldered onto the surface, the heat pipe can be evacuated and filled with its working fluid.
To verify the stacked lay-up, a test board with a transparent top layer was produced. The transparent layer was glued onto the bottom part. Although this prototype was not hermetically sealed, the flow of the working fluid could be observed after charging the heat pipe. The individual components, as well as the entire stack are shown in Fig.  10 . a) bottom part b) wick structure c) copper insert d) stacked prototype Figure 10 . Individual components and stacked multilayer prototype.
B. Performance and Application
The theoretical maximum amount of heat that can be transferred using a sintered wick structure as shown in Fig.  10b is approximately 11W. This value is estimated using Eq. (2) considering an operational temperature of 80°C. The wick and heat pipe parameters used for this estimation are listed in Table 2 of Appendix B. Note that this value is for the worst case scenario; i.e. a vertical heat pipe with working fluid ascending against gravity. In any other orientation the heat pipe will perform better.
Currently, the specific application of these integrated heat pipes is for phased array radar systems developed by Thales Netherlands. Inside the antenna front-end, the next generation RF modules are forecasted to consist of integrated transmit and receive cells, each dissipating up to 10W of power. In order to thermally control these modules and maintain viable antenna front-end dimensions, enhanced cooling strategies must be developed. Current conductive cooling strategies will no longer suffice for the next generation of phased array radar systems. By contrast, the integrated heat pipes promise an equivalent thermal conductivity of at least 11 times 16 the conductivity of solid copper assuming equal dimensions. Moreover, the heat pipes will also weigh less.
The 10W power dissipation by each cell is set as a minimum requirement for the capillary limit for the integrated heat pipe design. As the calculations predict, the current design will be able to handle these loads in any orientation. Another important aspect for RF design is the seal groove. The groove allows electronic routing to pass underneath and around the integrated heat pipe as in any normal multilayer PCB. This minimizes the impact on the overall layout design and strengthens the explored integrated design philosophy.
V. Conclusion
Two existing concepts for integrated heat pipe technology for PCBs have been presented. Both versions have been discussed and three major challenges were identified. Solutions to overcome these challenges are examined and finally a new prototype for PCB integrated heat pipe designs is presented. The heat pipe is integrated within the laminated structure of the PCB. The wick structure of the heat pipe is positioned using a copper insert that also improves the transfer of heat from the top to the bottom layer. By introducing subsequent plating steps in the production process, the amount of dead volume was drastically reduced.
The overall aim of this research is to integrate thermal criteria early in the design phase. In the future, this will allow engineers to design PCBs with full integration of thermal control systems. Undesirable thermal gradients across electronic products are minimized. Moreover, the integrated solution will be lighter and of a smaller form factor than current cooling solutions. Finally, products can be produced less expensive, as conventional, standardized manufacturing methods are applied.
Future work will encompass the experimental verification of the prototypes that are currently in production. As also complex multilayer boards with multiple heat dissipating components can be cooled using this technology, design rules need to be formalized for such boards. Finally, long term tests should be engaged verify the reliability. Table 1 lists the geometry of the heat pipe used for the experimental verification as depicted in Fig. 4 . Table 2 lists the parameters for the heat pipe calculation of Section IV-B. The properties of the working fluid (i.e. water) are evaluated at an operation temperature of 80°C and the heat pipe is assumed to be in the vertical orientation with the working fluid ascending against gravity. 
Appendix A
